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Abstract
The presented work investigates the impact of different sheared velocity profiles in the atmo-
spheric boundary layer on the characteristics of a wind turbine by modifying the wall roughness
coefficients in the logarithmic velocity profile. Moreover, the rotor and wake characteristics in
dependence of the turbulence boundary conditions are investigated. In variant I, the turbulence
boundary conditions are defined in accordance to the logarithmic velocity profile with different
wall roughness lengths. In variant II, the turbulent kinetic energy and turbulent viscosity remain
independent of the velocity profile and represent the free-stream turbulence level.
With an increase of the shear in the velocity profile, the amplitudes in the 3∕rev characteristics
of rotor thrust and rotor torque, induction factors, and effective angles of attack are increased.
In variant I, the overall levels of thrust coefficient are hardly affected by the velocity profiles
resulting from different wall roughness length values. The power coefficient is reduced about
1%. Conversely, compared with variant II, a difference of 2% in the power coefficient has
been detected. Moreover, the wake recovery process strongly depends on the turbulence
boundary condition. Simulations are carried out on an industrial 900-kW wind turbine with the
incompressible U-RANS solver THETA.
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1 INTRODUCTION
The interaction of horizontal axis wind turbine (HAWT) wakes with the atmospheric boundary layer (ABL) is a wide field of research either as
impact factor on the atmospheric stability, as, for example, by Calaf et al,1 to understand the interaction with complex terrain as by Castellani
et al2 or for predicting fluctuations on downstream turbines and wind farms, as, for example, by Porté-Agel et al,3,4 Tobin et al,5 or Liu et al.6
Dörenkämper et al7 investigated the impact of stability of the ABL on the wake recovery. By comparing the results of large eddy simulations
(LES) and Supervisory Control and Data Acquisition (SCADA) measurements, Dörenkämper et al found that a stable ABL leads to stronger wake
effects, which they relate to a decreased momentum flux. The results were confirmed by Siddiqui et al8 through numerical investigations with
the Reynolds averaged Navier-Stokes (RANS) software OpenFOAM. Other impact factors, as, for example, the inflow direction or the importance
of incorporating nacelle and tower during an analysis with unsteady RANS (U-RANS) methods, were investigated, for example, by Tanabe et al9
and Santoni et al.10 In both studies, it was found that respecting the tower is important for a realistic wake development prediction in the lower
half of the rotor wake. Moreover, it is an often discussed finding that the turbulence model has an impact on the predicted rotor performance
(see, eg, Tanabe et al,9 Soerensen and Hansen,11 or Länger-Möller et al12). Later, Kimura et al13 compared the wake recovery of a wind turbine
in uniform inflow to an ABL inflow. They used a single power coefficient in the power law but did not perform a complete study to identify
trends in dependency of different coefficients. Nevertheless, Kimura et al13 found that the sheared ABL leads to a smaller velocity deficit in the
rotor wake. Moreover, the impact of the sheared velocity disappears after 5R downstream of the rotor where the wake widens and touches the
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ground. In the present study, the idea of Kimura et al13 is driven forward by comparing rotor performance and the velocity deficit in the wake
for different wall roughness values but constant power coefficients.
Experimental investigations or field measurements of wind turbines and their wakes were performed, for example, by Gundling et al14 in
2012. They compared the wake behavior of a field test with the wake prediction capabilities of a free-vortex wake approach, a U-RANS solver
including an actuator disk model and a geometry resolved U-RANS computation. The aim of Gundling et al14 was to evaluate the strength and
weaknesses of each prediction method. They found that a turbulent inflow in the U-RANS computation leads to a faster wake dissipation than
constant inflow. This finding is confirmed in the present paper. Chamorro et al15-17 rather performed a series of wind tunnel experiments of a
small-scale wind turbine to evaluate the impact of wall roughness on a flat plate15 or a smooth hill.17 They found that the wake's symmetry in
planes parallel to the rotor decreased with increasing wall roughness. This concerns the velocity deficit in the wake as well as the turbulence
intensity. By examining Reynolds number effects16 on the wind turbine wake, they also found that the wake depends on the Reynolds number
Re only if Re < 4.8 · 104. Interestingly, Chamorro et al16 themselves pose the question whether an extrapolation to large-scale wind turbines is
valid as the experimental rotor has had a diameter of only d = 0.128m. In the present work, it is found that the symmetry of the rotor wake is
independent of the inflow conditions.
An impact factor that has moved to the focus of researchers is the actual turbulence level on the wind turbine as it influences the load
distribution and wake behavior. One attempt was performed by Schaffarczyk et al18 who performed field measurements on an ENERCON E30
HAWT. They found that the turbulence intensity on the rotor blade in real inflow conditions is about 2% and thus 40 to 100 times larger than the
one usually determined for wind tunnel flows. In wind tunnel experiments by Chamorro et al19 and measurements on full-size turbines by Tobin
et al,5 it has been found that the incoming turbulence can be divided into two regions: a low-frequency region that affects the power output of a
HAWT and a high-frequency regionwherein the poweroutput is not affected by the turbulent fluctuations. Moreover, the incoming turbulent flow
appears to modulate the power extraction of the HAWT and the rotation of the wake. Liu et al6 have even developed a method to compute the
power fluctuations due to incoming turbulence of an entire wind park. Nevertheless, numerical investigations with high-fidelity methods on this
field concentrate on the prediction of turbulence intensity and mean velocity transport through the rotor disk in dependency of inflow turbulence
levels as it has been seen in the AVATAR project.20 Therein, four different institutions compared the capabilities of their numerical computational
fluid dynamics (CFD) methods and found that 20R downstream of the wind turbine, the turbulence has recovered completely. Astonishingly, the
rotor loading in dependency of the turbulence intensity is not discussed even though there is an impact, which is discussed in the present paper.
Summing up the literature, an enormous effort is undertaken to understand the impact of wake characteristics through numerical methods
or field measurements with and without respecting the ABL. Nevertheless, it is not investigated: (a) how different wall roughness values in the
ABL affect the rotor performance and wake development prediction and (b) which turbulent kinetic energy (TKE) and turbulence dissipation to
choose to best represent the rotor performance and wake development in a U-RANS computation. Is it the ABL values that are comparatively
high or the wind tunnel values that allow for solving at a very low turbulence intensity? Both issues are addressed by a systematic study with
the incompressible U-RANS solver THETA.12 A generic model of the ENERCON E44 HAWT is chosen to represent an industrial wind turbine
that operates at a tip speed ratio (TSR) 𝜆 = 6. The setup is validated against the effective angle of attack (AoA) and induction factors of the
blade element momentum (BEM) method that was used during the blade design process. The ABL is modelled through the logarithmic law
with three different wall roughness values. The turbulence quantities are prescribed by either the boundary condition formulation of Richards
and Norris21 or wind tunnel turbulence. The paper is organized as follows: Section 2 includes the numerical methods used herein. Section 3
contains information about the wind turbine, meshing strategy, and the modelling of the inflow conditions. The validation and results discussion
is presented in Section 4. Concluding remarks are given in Section 5.
2 NUMERICAL METHODS
2.1 U-RANS solver THETA
The DLR flow solver THETA is a finite volume method that solves the incompressible RANS equation on unstructured grids. The transport
equations are solved sequentially and implicitly. The Poisson equation that links velocity and pressure is either solved by the SIMPLE algorithm
or the projection method for stationary or instationary problems, respectively. Pressure stabilization is used to avoid spurious oscillations caused
by the collocated variable arrangement. The technique of overlapping grids (Chimera) is used to realize relative motion between different grid
blocks.22
Implicit time-discretization schemes of first order (implicit Euler) or second order (Crank Nicolson, backward differentiating formula [BDF]) are
available. A variety of spatial discretization schemes as first- or second-order upwind or central schemes are implemented. As turbulence models,
the commonly used Spalart-Allmaras, k − 𝜔, or Menter shear stress transport (SST) models are available.
The THETA code provides a user interface for setting complex initial and boundary conditions. The function to modify the inflow boundary
condition is used to introduce the ABL inflow profile and according turbulence boundary conditions.
From the findings of Länger-Möller et al,12 the solver settings are transferred to the present study. The implicit Eulerian time stepping scheme
and the second-order quadratic upwind scheme for spatial discretization are chosen. The turbulence is modelled with the Menter SST k − 𝜔
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model of 2003. The time step is 𝛿t = 3.19977 · 10−3s related to a rotational increment of 𝛿Ψ = 0.5◦. The computation was advanced in time
after the residual dropped about five orders in magnitude with respect to the first residual of each time step for the linear and Poisson equation.
2.2 Blade element momentum method
The BEM method has been implemented following Ning23 and is part of an industrial blade design process. The BEM accounts for drag and
Reynolds number effects. It captures the wake-induced velocities but does neither provide a prescribed-wake model nor provide a free-wake
model. Tip correction models are implemented to respect three-dimensional (3D) effects on the blade tip and root. Turbulent and laminar profile
polars are provided for the representation of two-dimensional airfoil data. Correction factors to consider changes in chord, twist, or airfoil shape
are not implied. Moreover, neither the nacelle nor the tower blockage effect is respected in the BEM model.
3 TEST CASE
3.1 Wind turbine
The HAWT used during the studies is a generic version of the ENERCON E44. The three-bladed rotor has a diameter of D = 44m and a hub
height of zhub = 45m. The nacelle has the ENERCON-typical droplet shape.
The rotor blades have a maximum chord length of c = 2.0m at section r∕R = 35.5% and a truncated trailing edge in the inboard section up
to r∕R = 35%. Until this radial position, the DU 4050 Flatback profile is used, followed by the DU93-W-210 for 35% ≤ r∕R ≤ 52% and the
NACA 64-618 profile on the remaining blade. The inboard section of the DU Flatback profile is not covered by a trailing edge segment that
would elongate the chord and generate a sharp trailing edge. Moreover, the blade has been connected directly to the nacelle as no relative
motion between blade and nacelle is simulated. The nacelle is separated in a spinner and a nonrotating part, which are connected gap free. The
nonrotating part of the nacelle is connected directly to the tower.
The rated wind speed and the wind speed considered for the computation in hub height are uref = 10m · s−1 with a TSR of 𝜆 = 6, which results
in a rotational speed of 2.7272rad · s−1. The blade position Ψ = 0◦ is equivalent to an upward-pointing blade.
3.2 Grid generation
The computational grid is divided into three parts: the rotating part that includes the rotor blades and the spinner, the tower grid including the
nonrotating rear part of the nacelle and the wake up to three radii downstream of the tower, and the background grid that reaches to the farfield
boundaries and resolves the viscous wall on the ground. The entire rotor grid is constructed as a Chimera child grid.
On the blade surface, a structured grid with 123 points in span-wise direction and 255 in chord-wise direction is generated. Conversely, the
grid on the nacelle surface is a triangulated grid, with a maximum edge length of 𝛿 = 2.5 ·10−2m. The boundary layer (BL) on the blade is resolved
in an O-O-topology by 49 hexagon layers with a wall distance of 𝛿 = 1 · 10−5m in the first cell ensuring an y+ ≤ 1 on the entire blade.
The BL grid is embedded in a disk with a radius of 3R that is filled with tetrahedrons with a maximum edge length of 𝛿 = 0.3m. Figure 1A and
1B give an overview of the BL grid resolution in a blade section and in radial direction, respectively. The rotor center is located at the coordinates
x = −4m; y = 0m; z = 45m. The rotational axis and the inflow direction are both running parallel to the x-axis. The Chimera child grid contains
approximately 11.9 million points.
FIGURE 1 Grid characteristics of E44 wind turbine. A, Boundary layer in blade section. B, Radial point distribution. C, Flow domain with
boundary conditions
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The tower grid, which contains the nonrotating part of the nacelle, the tower and rotor wake, consists of approximately 9.5 million points. On
the surface of the nacelle and tower, triangulated surface grids are generated. The tower surface is modelled as slip wall. The tower centerline
runs through the coordinate x = y = z = 0m and along the z-axis. The wake grid contains hexagons to allow an exact wake capturing.
To achieve a valid Chimera overlap region on all multigrid levels, 20 overlapping cells in the primary grid are required. Inside this overlap region,
the element size of Chimera child grid and tower grid is equal. Outside of the overlap region, the parent grid is generated with tetrahedrons of a
maximum edge length of 𝛿 = 3m. In Section 4.1, the wind turbine is also computed in a rotor-nacelle–only configuration with constant inflow
conditions. In this case, the tower volume is filled with tetrahedrons following the same restrictions as the surrounding grid blocks.
The background grid has the dimensions of 30D × 10D × 10D in x-, y-, and z-direction. The inflow boundary is placed 10D upstream of the
tower. The flow direction is parallel to the x-axis. Parallel to the rotor plane, the boundary conditions on the flow domain are inflow (upstream
of the rotor) and outflow (downstream of the rotor). Orthogonal to the rotor plane, slip walls are defined. They are impermeable to the flow
by defining the velocity in wall-normal direction to be zero. The floor is a viscous no-slip wall with a Dirichlet boundary condition defining all
velocities on the floor to be zero. In the present study, the use of wall functions in the lower part of the ABL is omitted to better capture the
differences in the inflow profile due to different wall roughness values. Thus, 55 hexagon layers with a wall distance of 𝛿 = 3 · 10−5m in the first
layer are generated. The overall height of the hexagon layers is H = 5 m.
Above the BL grid, the edge length of the tetrahedrons is restricted to 𝛿 = 11m. The background grid contains approximately 7.0 Mio points.
Figure 1C provides a slice through the grid.
3.3 Inflow conditions
With the given grid configuration, the impact of the wall roughness and the definition of the turbulence boundary condition are investigated.
The IEC 61400-1 standard25 states that both power law and logarithmic law are appropriate modelling approaches for the ABL. Nevertheless,
Counihan26 recommended the logarithmic velocity profile that is defined in Equation 1 for a more accurate representation of different wall
roughness values z0. The reference velocity uref is 10m · s−1 in hub height (zref = zhub) of 45m in all test cases. Thus, whenever a blade is in
the horizontal position at Ψ = 90◦ and Ψ = 180◦, it experiences the reference velocity regardless of the wall roughness. As wall roughness,
three values are chosen: z0 = [0.005;0.05;0.5]m. Figure 2 contains the logarithmic velocity profiles that are obtained out of Equation 1 by the
described parameters.
ux(z) =
u∗
𝜅
ln
(
z + z0
z0
)
. (1)
The wall-shear velocity u∗ depends on the wall roughness. The values used herein are given in the third column of Table 1. The van-Kármán
constant is 𝜅 = 0.41.
The turbulence boundary conditions for the Menter SST k − 𝜔 turbulence model are prescribed in two ways. In variant I, the TKE k and the
turbulent dissipation 𝜔 are prescribed following Richards and Norris21 by the relation
k = (uref 𝜅)
2
√
C𝜇 ln
(
zref+z0
z0
)2 (2)
for the TKE and
FIGURE 2 Logarithmic inflow profiles in dependency of z0 [Colour figure can be viewed at wileyonlinelibrary.com]
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𝜔 = uref√
C𝜇 ln
(
zref+z0
z0
) 1
z + z0
(3)
for the turbulent dissipation 𝜔. In both equations, C𝜇 = 0.09 is a proportionality constant. Out of Equation 2, it can be seen that the TKE is
constant with height while the turbulent dissipation decreases with height. The turbulent viscosity 𝜈T , which is the quotient of TKE and turbulent
dissipation, thus increases with height and is
𝜈T =
k
𝜔
= (uref𝜅)
2
uref
.
(z + z0)
ln
(
zref+z0
z0
) (4)
Because Richards et al21,27 result of a boundary-layer TKE that is independent of the wall distance is not accurate, Yang et al,28 Zhang,29 or
later Balogh and Parente30 extended the original formulation to achieve a height-dependent TKE. All three extensions are not applied for two
reasons: First, the constants of the turbulence model would have to be calibrated to match the given test case. Second, the consistency between
turbulence model, boundary conditions, and the inflow profile would be violated. It would result in an nonphysical speed up of the velocity
throughout the domain as experienced by Zhang29 or a significant change in velocity profiles. 30
In variant II, the turbulence boundary condition is chosen to represent the free-stream turbulence level in a wind tunnel. In this case, the
turbulence quantities k and 𝜔 are defined via the turbulence length scale and turbulence degree. By applying an artificial source term to the flow
field, the turbulence quantities are constant throughout the entire flow domain. Thus, the TKE and turbulent dissipation are constant with height
and do not represent the ABL. This procedure violates the boundary conditions of the turbulence model. Nevertheless, it enables the resolution
TABLE 1 Comparison of rotor thrust, rotor torque, and turbulent viscosity in dependence of the wall
roughness for variant I: ABL turbulence
Description Wall Roughness Wall-Shear Rotor Thrust Rotor Torque Turb viscosity
Following Bade et al24 z0,m Velocity u∗,m · s−1 Fx, kN Mx, kNm 𝜈T ,m2 · s−1
Full HAWT Constant – 64.70 150.70 8.8 · 10−5
Mudflats 0.005 0.45 64.48 150.18 1.58
Sparsely wooded 0.05 0.60 64.70 150.11 2.78
Wooded 0.5 0.91 64.84 148.96 6.20
Abbreviation: HAWT, horizontal axis wind turbine.
TABLE 2 Comparison of rotor thrust, rotor torque, and turbulent viscosity in dependence of the wall
roughness for variant II: free-stream turbulence
Description Wall Roughness Wall-Shear Rotor Thrust Rotor Torque Turb Viscosity
Following Bade et al24 z0,m Velocity u∗,m · s−1 Fx, kN Mx, kNm 𝜈T ,m2 · s−1
Rotor only Constant – 65.03 152.38 8.8 · 10−5
Full HAWT Constant – 64.70 150.70 8.8 · 10−5
Mudflats 0.005 0.45 64.25 148.63 1.5 · 10−4
Sparsely wooded 0.05 0.60 63.90 147.08 1.5 · 10−4
Wooded 0.5 0.91 63.93 147.43 1.5 · 10−4
Abbreviation: HAWT, horizontal axis wind turbine.
(A) (B)
FIGURE 3 Transport of velocity profile through empty flow field at various positions relative to the rotor center. A, Velocity profiles of variant I.
B, Difference to variant II [Colour figure can be viewed at wileyonlinelibrary.com]
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of turbulence characteristics on the blade that are extinguished by the turbulence level that is obtained with the turbulence boundary conditions
of variant I.
Values for the turbulent viscosity in dependency of the wall roughness length and turbulence boundary conditions are listed in Table 1 for
variant I and Table 2 for variant II. The turbulent viscosity 𝜈T was extracted 1D upstream of the rotor plane in hub height. In Table 1, it can
be seen that the turbulent viscosity is increased about five orders in magnitude in comparison with the constant inflow profile, which results
from the choice of the turbulence boundary condition. The turbulence boundary condition in variant II results to an equal turbulent viscosity
for all wall roughness values. The difference in the turbulent viscosity between variant I and variant II is about four orders in magnitude. The
difference in the turbulent quantities is supposed to have an impact on the aerodynamic forces without changing flow features as separation or
others. This has been proven by Swanson et al31 who found a relation between the dissipation scheme and the amount of numerical dissipation
in a U-RANS flow domain. The numerical dissipation itself effects the prediction of shocks, vortex resolution, and friction force on the blade.
Following Swanson et al, a lower numerical dissipation leads to an improved vortex resolution, higher lift coefficients, and reduced drag.
In variant II, the turbulent length scale and turbulent degree were defined as 0.01, respectively. These values result in typical free-stream
turbulence levels, as, for example, during the NREL phase 6 experiment,32 where the turbulence intensity was less than 0.5%. Moreover, the
turbulence level on the rotor blade allows for the resolution of smaller turbulent structures on the rotor blade. The ensemble of Tables 1 and 2
provides an overview of the performed tests.
In Figure 3, the velocity in the empty flow field of variant I is displayed. The x-position is given in relation to the later tower center. Between
the positions −20R (inflow plane) and −10R, the velocity profile below 20m develops slightly but remains constant afterwards (Figure 3A). As the
rotor does not operate in the low part of the velocity profile, the development of the profile is neglected. Figure 3B contains the difference in
the velocity transport between variant I and variant II. At the inflow plane, the difference is zero, which proves that identical velocity profiles
are introduced. The differences further downstream result from the different turbulence levels in the flow field. With increasing transport
downstream, the differences increase. The strongest changes in the velocity profile occur between−20R and−10R, and−10R and 0R. Afterwards,
the difference appears to stabilize on a constant level. Even though the differences in the velocity profiles between variant I and variant II reach
up to 1% · uref at hub height, the velocity profiles are assumed to be equal in both cases.
4 RESULTS
4.1 Constant inflow profile
The wind turbine in constant inflow conditions was computed as rotor-only configuration as well as in the full-HAWT configuration. In the
rotor-only configuration, the averaged rotor thrust and rotor torque were Fx = 65.0kN and Mx = 152.4kNm, respectively. Once the tower is
taken into account in the computation, rotor thrust and rotor torque are reduced about 0.5% and 1.1%, respectively. The generated rotor power
of the full-HAWT configuration is 411kW and is sufficiently close to the official E44 power curve33 under the consideration of the differences
between the real and generic wind turbine geometry.
The time histories of rotor thrust and rotor torque of both configurations are displayed in Figures 4A and 5A, respectively. In both figures,
the values of the rotor-only configuration are slightly higher than the ones of the full-HAWT configuration. This is consistent with the increased
average of rotor thrust and rotor torque in the rotor-only configuration. Moreover, a clear 3∕rev periodicity is visible in rotor thrust and rotor
torque for the full-HAWT configuration that is generated by the tower blockage effect.
(A) (B)
FIGURE 4 Rotor thrust Fx over three revolutions in dependency of the wall roughness length. A, Time history. B, Integrated values [Colour
figure can be viewed at wileyonlinelibrary.com]
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(A) (B)
FIGURE 5 Rotor torque Mx over three revolutions in dependency of the wall roughness length. A, Time history. B, Integrated values [Colour
figure can be viewed at wileyonlinelibrary.com]
FIGURE 6 Effective angles of attack vs radius for the constant inflow conditions [Colour figure can be viewed at wileyonlinelibrary.com]
Superposed on the 3∕rev oscillations, higher harmonic oscillations are apparent in the time histories of both configurations. These oscillations
are related to the instationary flow on the nacelle that induces separation and reattachment in the inboard sections. Moreover, strong separation
effects occur on the truncated trailing edge in the inboard section that reaches up to r∕R = 35% of the rotor. Some small contributions to the
oscillations result from the blade tip where the 3D flow generates instationary flow states as well.
Out of the U-RANS solution, the effective AoA and axial induction factors aind of the full-HAWT configuration are extracted by a reversed
BEM following Guntur and Soerensen,34 method 1. For the purpose of validation, both values are compared with the BEM results. The effective
AoA is displayed in Figure 6. Therein, a high agreement is found between the U-RANS and BEM especially in the outboard section where the
agreement is perfect. In the inboard part of the blade, strong variations of relative length, relative thickness, and local twist angles result in 3D
flow. As the BEM does not consider these 3D flow features, deviations to the U-RANS method have to be expected. The resulting induction
factors are displayed in Figure 7A. Again, the U-RANS solution and the BEM results coincide perfectly in the outer blade half. In the inboard part,
the BEM is not able to account for the strong changes in the blade geometry.
In the U-RANS computation, a small impact of the tower blockage is found in both, the AoA and induction factor: The AoA is increased if the
blade is in front of the tower at 𝛹 = 180◦ while the induction factor is decreased. When the blade reaches a horizontal position that is 90◦ aft the
tower passage, the flow state on the blade has recovered completely. Thus, no deviation in the effective AoA or induction factors is detectable.
4.2 Variant I: ABL inflow profile with ABL turbulence
Figures 4A and 5A also present the time history for rotor thrust and rotor torque of the wind turbine operating in the ABL inflow profile with
the turbulence boundary conditions of variant I. By comparing the amplitude of the 3∕rev characteristic in rotor thrust or rotor torque under
consideration of the different ABL inflow profiles, it is found that a decreasing wall roughness leads to a convergence towards the constant inflow
profile. This behavior is related to the velocity gradients that result from the different wall roughness values. With decreasing wall roughness, the
velocity gradient in the lower part of the logarithmic profile increases and is reduced gradually with increasing height. Moreover, a smaller wall
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(A) (B)
(C) (D)
FIGURE 7 Induction factors vs radius in dependency of the inflow conditions. A, Constant inflow. B, Logarithmic with z0 = 0.005m. C,
Logarithmic with z0 = 0.05m. D, Logarithmic with z0 = 0.5m [Colour figure can be viewed at wileyonlinelibrary.com]
roughness results in a lower maximum velocity that is experienced by the upward-pointing blade. This behavior is illustrated in Figure 2 for the
investigated wall roughness values. Thus, the more homogeneous velocity distribution at smaller wall roughness values leads to a reduction of
the amplitudes of rotor thrust or rotor torque.
The differences in the rotor thrust, averaged over each one-third revolution, are displayed in Figure 4B over the entire physical time that has
been computed. In that figure, each symbol represents an averaged value while the line is used to show the trend. The convergence from a
comparatively high starting point to a the final value can be distinguished. The difference between the 10th and 11th revolution is lower than
0.5% for rotor thrust in all test cases. In Figure 4B, the ABL inflow profile with the largest and intermediate wall roughness is responsible for an
increase of rotor thrust when compared with the constant inflow conditions. Conversely, the lowest wall roughness generates a lower averaged
rotor thrust.
The averaged rotor torque Mx in dependency of the wall roughness is displayed in Figure 5B. Therein, each symbol represents one averaged
value. The difference between the integrated values in the 10th to 11th revolution is lower than 1% for all test cases. The reduced velocity in
the lower rotor-plane half is responsible for a slightly smaller rotor torque for the minimum and intermediate wall roughness, when compared
with constant inflow conditions. In both cases, it appears as if the reduced velocity, thus extracted torque, is balanced quite well from the higher
velocity in the upper rotor-plane half. This finding is in accordance with Gundling et al.14 In the roughest terrain, the velocity deficit in the lower
rotor plane half is not compensated by the increased velocity in the upper rotor plane half.
The induction factors aind in dependency of the rotor radius for the constant inflow condition and the three ABL inflow profiles are displayed
in Figure 7 at the instances of Ψ = [0,90,180,270,360]◦ during the rotor revolution. They were chosen to evaluate two aspects: the impact of
the tower blockage effect and the wall roughness. In all figures, the results of the BEM method with constant inflow conditions are given for
completeness.
Independently of the inflow conditions, the induction factors are symmetric to the power passage. This can be seen in the induction factors
that are significantly reduced while the blade is in front of the tower at an azimuth position of 180◦. When the blade is in a horizontal position,
which is 90◦ fore and aft the tower passage, the induction factors have the same level, which means that the tower blockage affects only a
small azimuth range. At 0◦ and 360◦ azimuth, no difference between the induction factors is found, which additionally demonstrates the high
repeatability from one rotation to the next.
The differences between the inflow conditions are also reproduced in the induction factors aind and can be quantified by computing Δaind as
Δaind = aind(Ψ) − aind−const . (5)
Therein, aind(Ψ) is the induction factor of the ABL inflow condition at a given azimuth positionΨ and aind− const is the induction factor at constant
inflow conditions without tower blockage effect.
The result is displayed in Figure 8 for the upward-pointing blade at Ψ = 0◦ and the blade in front of the tower at Ψ = 180◦. If the blade
is pointing upwards (Figure 8A), the induction factors increase with increasing wall roughness. Conversely, the induction factors decrease with
increasing wall roughness if the blade is at Ψ = 180◦ (Figure 8B). The amount by which the induction factors are decreased is larger than the
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increase for the blade position at Ψ = 0◦. This results from the tower blockage effect. It is about Δatwr = −0.018 and marked with 𝛥atwr in
Figure 8B. In the case with the smallest wall roughness, this is approximately one-third of the decrease in induction factors.
The analysis of the induction factors allows conclusions on the rotor loadings during the rotation. In cases with higher wall roughness, the
load changes have a steeper gradient because the frequency of load changes remains identical while the amplitudes increase. Thus, the blades in
rougher terrain experience higher fatigue loads. Moreover, the power output of a wind turbine in very smooth terrain may be slightly increased
in comparison with constant inflow conditions.
By plotting the induction factors aind and effective AoA 𝛼eff versus the rotor azimuth for different radial positions, as in Figure 9, the
superposition of changes in velocity and tower blockage can be evaluated more clearly. Regardless of the wall roughness, the tower blockage
effect induces a sharp decrease in the induction factors (Figure 9A). The impact of the tower blockage is most prominent in the mid-section
at r∕R = 55% and insignificant in the inboard sections. Moreover, the impact of the velocity gradient in the inflow profile on changes of the
induction factors, which by excluding the towerwould have a cosine shape, increases with increasing induction factors and wall roughness. At the
azimuth positions Ψ = 90◦ and Ψ = 270◦, all ABL inflow profiles have the same induction factors. This is because all blades pass the reference
height and experience the reference velocity.
The effective AoA increases during the rotor revolution due to the tower blockage and the changes of the velocity during the rotor revolution
(Figure 9B). The trend is that with increasing wall roughness, the amplitudes of changes in 𝛼eff increase. Moreover, the impact of both, tower
blockage and velocity gradients, decreases with increasing radius. As for the induction factors, the smallest wall roughness leads to the smoothest
changes in the effective AoA. Unaffected of the wall roughness, all effective AoA is identical at the azimuth positions of 90◦ and 270◦.
(A) (B)
FIGURE 8 Differences in the induction factor aind in dependency of velocity profile and azimuth position. A, Upward-pointing blade (𝛹 = 0◦). B,
Downward pointing blade (Ψ = 180◦) [Colour figure can be viewed at wileyonlinelibrary.com]
(A) (B)
FIGURE 9 (A) Induction factors and (B) effective angles of attack vs azimuth for different radial positions for turbulence modelled in accordance
to Equations 2 and 3 [Colour figure can be viewed at wileyonlinelibrary.com]
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(A)
(C) (D)
(B)
FIGURE10 Differences in induction factors due to the turbulence boundary conditions overone rotor revolution in dependency of the logarithmic
inflow conditions. A, Constant inflow. B, z0 = 0.005m. C, z0 = 0.05m. D, z0 = 0.5m [Colour figure can be viewed at wileyonlinelibrary.com]
4.3 Variant II: ABL inflow flow profile with free-stream turbulence
In Section 4.2, rotor thrust, rotor torque, effective AoA, and induction factors were discussed in dependency of the wall roughness value. Because
of the turbulence boundary conditions of variant I, the values of the TKE, turbulent dissipation, and the turbulent viscosity were not comparable
between the different inflow profiles. To better isolate the effect of the wall roughness length on the rotor characteristics, the differences to a
computation with constant free-stream turbulence are evaluated.
The averaged values of rotor thrust and rotor torque are listed in Table 2 for variant II. In comparison with variant I (Table 1), the averaged
rotor thrust is decreased about 0.3% for the smallest wall roughness and 1.4% for the highest wall roughness. The same trends are found for the
rotor torque.
Differences in the induction factors and effective AoA are negligible on the entire blade between the variants I and II. Evidence is given by a
difference plot in Figure 10 for the induction factors and Figure 11 for the effective AoA. It can easily be seen that the differences in induction
factors and AoA usually occur in the very inboard region of the blade where the profile has the form of a cylinder, which induces separated flow.
The nonexistant deviations in the induction factors indicate that the different levels on turbulent dissipation do not affect the flow characteristic
around the blade. Nevertheless, different levels of dissipation in a flow field effect the computation of lift and drag as stated by Swanson et al.31
At the end, differences in lift and drag along the rotor blade result to different rotor thrust and torque.
In Figure 10C, an outlier to the above findings has been detected. Around the azimuth position of 135◦, comparatively large differences
between the turbulence boundary conditions occur. By investigating the flow at the given azimuth position, it was found that an unsteady vortex
was shed from the blade at this time step in the computation of variant II. None of the other test cases showed a similar behavior, which is thus
related to some numerical artifacts rather than physics. Hence, for correctly predicting the induction factors and effective AoA or comparing
them with simpler aerodynamic models, the correct prediction of the turbulence is not important.
4.4 Wake characteristics in dependency of the turbulence level
After having shown that defining appropriate turbulence boundary conditions is significant for the prediction of the integral rotor thrust and rotor
torque, the significance for predicting the rotor wake is also demonstrated. In Figure 12, the wake of the constant inflow profile (Figure 12A)
is compared with a turbine operating in the ABL of variant I (Figure 12B) and variant II (Figure 12C). Moreover, a contour plot of the turbulent
viscosity 𝜈T in the vertical plane through the rotor center is included in Figure 12. The blade tip vortices are visualized with the 𝜆2-criterion35 and
colored with the velocity in x-direction. In the flow field of variant I (Figure 12B), the turbulent viscosity is comparatively high. This can be seen
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(A) (B)
(C) (D)
FIGURE 11 Differences in effective angles of attack due to the turbulence boundary conditions over one rotor revolution in dependency of the
logarithmic inflow conditions. A, Constant inflow. B, z0 = 0.005m. C, z0 = 0.05m. D, z0 = 0.5m [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 12 Comparison of wake development and turbulent viscosity. A, Constant inflow with free-stream turbulence. B, ABL with modelled
turbulence following Equations 2 and 3. C, ABL with free-stream velocity [Colour figure can be viewed at wileyonlinelibrary.com]
in the contour plot of 𝜈T . As result, the 𝜆2 criterion is unable to detect a vortex further downstream of the tower than 1R. Moreover, the wake
of tower and nacelle is kept for a very short distance only. In the case with constant inflow profile, where the turbulent viscosity is about five
magnitudes smaller, the wake is detected up to 4R downstream of the rotor while the wake of tower and nacelle is dissipated slightly faster. Even
though the viscosity is slightly increased in variant II, the wake is kept the longest (Figure 12C). This is caused by the increased energy transfer to
the wake through the higher velocity in the upper rotor-plane half. Nevertheless, the turbulent viscosity does not change in the wake region of
variant II. This behavior does not represent the physics correctly and is a result of the violation of the turbulence boundary condition.
By examining the rotor wake of variants I and II closely, two characteristics due to the logarithmic ABL inflow profile are found. First, the
rotor wake is transported faster in the upper rotor-plane half and slower in the lower rotor-plane half, which can be seen by the nonvertical
plane through the rotor wake ending. Second, the different velocities also force an increased wake expansion towards the bottom in the lower
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rotor-plane half and a narrower wake expansion in the upper rotor-plane half, when compared with the constant inflow profile. This is in
accordance to the findings of Chamorro et al.16 In analogy to previous studies,13-16 the velocity deficit 𝛥ux in the rotor wake is displayed in
Figure 13 at three positions downstream of the rotor. It contains horizontal as well as vertical cuts. In Figure 13B, 13D, and 13F, the constant
velocity profile shows a height dependency below z = 20m. Up to this height, the BL flow on the viscous wall develops. As the rotor reaches
down to a height of 23m, it is possible that the blade tip experiences a small impact of the BL of the ground. Asymmetry as measured by Chamorro
et al15-17 has not been detected.
The velocity deficit in hub height and in the tower centerline (Figure 13) has a w-shape in both directions 1R downstream of the wind turbine
(Figure 13A and 13B). At this downstream position, differences between the different inflow conditions are hard to distinguish. Thus, the inflow
conditions do not have a significant impact on the near wake of the wind turbine.
The extrema in the velocity deficit decrease during the downstream transport that can be seen in Figure 13C and 13D 5R downstream of
the tower. In all cases with logarithmic inflow profiles, the w-shape starts to deform to a single dent. With increasing wall roughness, the wake
recovery process accelerates. Moreover, the turbulence boundary condition of variant I leads to a higher wake recovery rate. These differences
result from differences in the TKE between variants I and II. Moreover, the energy transfer from the undisturbed flow to the wake is increased
with an increasing velocity gradient (thus wall roughness) in the inflow profile. This is in accordance with findings of Gundling et al.14
Further downstream, at 7R behind the wind turbine, the wake recovery has proceeded (Figure 13E and 13F). Regardless of the inflow profile,
all wakes transformed to one single dent. Nevertheless, the velocity deficit in the constant inflow conditions shows the largest amplitude and has
(A) (B)
(C) (D)
(E) (F)
FIGURE 13 Comparison of velocity deficits: (A,B) 1R downstream; (C,D) 5R downstream; (E,F) 7R downstream; (A,C,E) horizontal cut through
field; (B,D,F) vertical cut through field [Colour figure can be viewed at wileyonlinelibrary.com]
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the largest radial extension. The differences between the logarithmic inflow profiles decreased while the wake recovery of variant I is still faster.
Moreover, the symmetry of the wake in the vertical plane has been lost while it still exists in the horizontal plane. This behavior depends on the
interaction with the BL of the viscous ground. In variant II, the asymmetry also results from the interaction of the wind turbine wake with the
wake of the nacelle. As it can be seen in Figure 12, the wake of the nacelle is detected far downstream and covers a large volume.
The reasons for the differences in wake recovery depend on the different TKE and the turbulent viscosity 𝜈T between variants I and II. Both
TKE and turbulent viscosity in dependency of the height are displayed in Figure 14A, 14C, 14E and 14B, 14D, 14F, respectively. The TKE and
turbulent viscosity for the cases with constant inflow profile and variant II are rather small. As the TKE is a measurement for the mixing rate of
velocities, the smaller TKE partly explains why the velocity deficit decays slower for the named inflow profiles.
For the case with constant inflow, the TKE and turbulent viscosity undergo significant changes especially between the positions 5R and 7R
downstream of the turbine. This matches the development of the velocity deficit, which starts to decay further downstream than in the cases
with ABL inflow profiles. The TKE and turbulent dissipation are significantly larger in variant II. Moreover, they recover with increasing distance
to the wind turbine. As it has been seen in the case with constant inflow profile, the recovery process of the velocity deficit and the turbulence
quantities go hand in hand. Conversely, in variant II, the TKE and turbulent viscosity are constant in the entire wake. This results from the
violation of the turbulence boundary conditions and does not represent the physics correctly.
(A) (B)
(C) (D)
(E) (F)
FIGURE 14 Comparison of TKE and turbulent viscosity in the rotor wake: (A,B) 1R downstream; (C,D) 5R downstream; (E,F) 7R downstream;
(A,C,E) horizontal cut through field; (B,D,F) vertical cut through field [Colour figure can be viewed at wileyonlinelibrary.com]
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5 CONCLUSION
A study to measure the impact of the wall roughness and the turbulence boundary condition in the description of the ABL with the logarithmic
law is performed. The wall roughness is chosen to represent very smooth, intermediate, and very rough terrain. The turbulence values for the
Menter SST model are determined in two variants. In the first one, they rely on the boundary condition definition of Richards and Norris21 and
represent a high turbulence intensity. In the second one, the turbulence values are fixed to represent free-stream turbulence, which has a very
low turbulence intensity.
The computations are performed on a generic version of the industrial E44. The comparison of the wind turbine with a BEM method is
accomplished with high accuracy.
The comparison of the wind turbine in ABL inflow conditions with differing wall roughness values in the logarithmic law shows that the exact
choice of the wall roughness is important to correctly predict load amplitudes during the rotor revolution. With increasing wall roughness, the
load amplitudes, induction factors, and effective AoA increase. Moreover, the overall rotor thrust increases while the rotor torque decreases.
The comparison of the different turbulence boundary conditions shows that the turbulence level in the U-RANS flow field is responsible
for a change in rotor thrust and rotor torque of up to 2% depending on the inflow profile. Moreover, the wake transport and wake recovery
process strongly depend on the turbulence boundary conditions while the induction factors and effective AoA are not affected. These findings
may become of practical use for the improvement of analytical wake models. They also point out the significance of correctly prescribing the
turbulence level for a proper prediction of rotor thrust and rotor torque (thus power coefficients), especially when the analytical TKE profile is
replaced by more realistic ones.
After all, it is not possible to respect the atmospheric turbulence through Richards and Norris21 turbulence boundary conditions and to obtain
realistic turbulence behavior on the HAWT blade with the common two-equation turbulence model in one U-RANS computation at the same
time. The purpose of the U-RANS computation has either to be the precise prediction of the wake recovery process by defining the turbulence
according to Richards and Norris21 or of the rotor loads in an ABL inflow profile by artificially fixing the turbulence quantities.5,6,19
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